It is very important for a firm to be able to forecast the sales volumes of new products. However, current environments usually have uncertain factors and rapid changes, and decision makers must make forecasts in these fluctuating situations with minimal data. Previous studies combine scenario analysis and the technology substitution model to forecast the market share of multigenerational technologies, which is one kind of interpolation method. However, a technology substitution model based on a logistic curve does not always fit the S-curve well. Therefore, based on historical data and the data forecasted by the scenario and Delphi methods, a two-stage fuzzy piecewise logistic growth model is proposed. The piecewise concept is adopted in order to understand the market impact of a new product so that it will be possible to determine the effective length of sales forecasting intervals even when handling large-variation data. In order to demonstrate the model's performance, the researchers used Tseng et al.'s data from 2009, the market share of an organic light-emitting diode (OLED) television (TV), and four other TV technologies in three possible scenarios of the global market: optimistic, pessimistic, and most possible. The results show that the proposed model outperforms the technology substitution model.
INTRODUCTION
The replacement of an older generation of technological products with newer ones is common in the high-technology sector. To better understand and describe this phenomenon, Fisher and Pry proposed the technological substitution model in 1971, which analyses the penetration process of newgeneration technologies as they replace old ones. 1 Marchetti and Nakicenovic expanded this model to deal with the multigeneration and multi-products conditions. 1, 2 Nakicenovic has given a more comprehensive description of the model and its assumptions.
3 These substitution models are market-share models that assume that there is a market to be substituted. From the innovation diffusion perspective, Norton and Bass developed a multi-generation diffusion model that has the ability to estimate or forecast a market potential and has become a popular forecasting method in the field. 4 A key proposal of Marchetti and Nakicenovic is that the life cycle of every technology includes three phases: growth, saturation, and decline. 2 During the growth phase of a new technology, substitution proceeds logistically. Then, when the technology enters the decline phase, it degenerates logistically. However, in the recent competitive environment, it is hard for the product life cycle to be represented by a smooth S-curve or a fitted-logistic curve. This is shown by Tseng et al., who proposed scenarios for the development of the organic light-emitting diode (OLED), a TV technology with no sales data; they proposed three scenarios: optimistic, pessimistic, and most possible. They then applied the Marchetti and Nakicenovic technological substitution model, in which the diffusion curves of all technologies are supposed to be logistic and are supposed to forecast the market share of the colour cathode ray tube (CRT), rear projection (RP), plasma display panel (PDP), liquid crystal display (LCD), and OLED TVs. 2 They found that the diffusion curve of the PDP TV was not a logistic curve, but an S-curve, which does not meet the assumption of the Marchetti and Nakicenovic technological substitution model. 2 Therefore, the forecasting performance was not quite good (Please refer to the MAPE of PDP TV in Tables  1-3 ).
In addition to the diffusion curve of new products, the existence of uncertainty in the environment also requires consideration. To handle the uncertainty issue, Tanaka et al. developed fuzzy regression with symmetrical-triangular fuzzy parameters via a possibility distribution. 6 However, the conventional fuzzy regression model is sensitive to outliers. That is, the more the various data fluctuates, the wider the forecasted intervals become. These wide intervals then cause difficulties in interpretation. 7 In order to cope with large variations in data, Yu et al. proposed the fuzzy piecewise regreson model, whose functions behave differently in different parts of the range of crisp input variables. 8 Huang and Tzeng applied this model in their two-stage fuzzy piecewise regression analysis to grasp the dynamics of a nonlinear time series in a fuzzy environment. 9 Their objective was to forecast product life time (PLT) and the annual shipment of products during the entire product life cycle (PLC) of multiple generation products. However, the number of change points could not be generated automatically. Yu and Tzeg extended the fuzzy piecewise regression model to overcome this limitation. 10 A fuzzy piecewise logistic growth model combines the advantages of a piecewise regression model and the logistic diffusion model so as to deal with complex growth for single-or multiple-generation(s) product sales forecasting. 11 This model can solve the problem that arises when the time series shows an S-curve but not a logistic curve, and it can be applied to multiple-generation diffusion forecasting. Hence, it has some applicability to real-world forecsting problems. However, the relative lack of data on the latest-generation products makes this model unsuitable for use in cutting-edge technology because the fuzzy regression model is limited to making forecasts inside the range of independent variables.
Scenario analysis, an important forecasting method since the 1960s, is another approach commonly employed to forecast and understand future developments. The approach outlines some aspects of the future world by telling stories to emphasize dimensions of today's world and to incorporate uncertainties. 12 Scenario analysis thus presents rich and complex portraits of possible future scenarios; however, it fails to provide quantifi-able forecasts. 13 Therefore, Wang and Lan combined scenario analysis, which addresses an uncertain future, and the technological substitution model, a quantitative method, to analyse the development of new-generation technologies.
14 The limitation of their approach, which pertains to scenario analysis, is that scenarios are commonly constructed on the basis of expert opinion, and often, there is a large variation among these opinions.
To deal with this diversity, the Delphi method was developed to obtain the most reliable consensus among a group of experts by using a series of intensive questionnaires interspersed with controlled-opinion feedback. 15 Subsequently, some researches have combined scenario analysis and the Delphi method to generate future scenarios. 16, 17 However, these scenarios are still unable to provide clear, quantified information such as the forecasted market share of the new technology. Therefore, Tseng et al. combined scenario analysis with the technological substitution model and the Delphi method, which is one kind of interpolation method used to analyse the development of a new technology, namely, the latest-generation TV, or the OLED TV. 5 However, their technology substitution model based on a logistic curve does not always fit the S-curve well.
This work aims to improve the forecasting performance issues in Tseng et al. by integrating scenario analysis and the Delphi method with the new proposed fuzzy piecewise logistic model to analyse the development of the latest-generation TV, the OLED TV, which currently has no historical data. 5 In order to demonstrate the satisfactory performance of the proposed model, we applied it to Tseng et al.'s case and adopted the data of the scenario analysis and the Delphi method from Tseng et al.'s work to forecast the futures of CRT, RP, PDP, LCD, and OLED TVs over the next ten years. The fuzzy piecewise logistic growth model obtains the smallest-interval forecast that includes all of the raw data. Therefore, it can provide a possible interval and is a viable alternative for forecasting multiple generations. Moreover, it can detect the change points in a complex growth process.
Based on the fuzzy piecewise regression model, an initial fuzzy piecewise logistic regression model is described as follows:
whereπ t is the forecasted market share; A 0 , A 1 , and B s for s = 1, . . . , n − 1 are fuzzy coefficients; h is cut level; andπ t and π t are the forecasted fuzzy output and raw data, respectively (i.e., π t ⊆π t ). The upper bounds and lower bounds of the piecewise logistic diffusion model are respectively presented below:
and
The inclusion relationships among the upper and lower bounds of the piecewise logistic diffusion model and the raw data are as follows:π
After taking logarithms, the fuzzy piecewise logistic growth model is transformed into a piecewise linear model that meets the requirements of the inclusion relationship, according to which the fuzzy regression must include the observations (i.e.,
In addition to minimizing the fuzziness width of the fuzzy regression model, this study also considers the objective of minimizing the number of change points in the piecewise regression model. The first objective, z 1 , is to minimize the fuzziness width, and the second objective, z 2 , is to minimize the number of change points by using linear programming to obtain possibility models. The membership functions for the two minimizing objectives are defined below:
where z * 1 , z * 2 and z 2 are set to be n, respectively. Then, to obtain the optimal degree of overall satisfaction between goals, the study uses the noncompensatory operator 'min' (i.e., λ = min(µ 1 (z 1 ), µ 2 (z 2 ))).
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Following this, a compromise solution from these two minimizing objectives is generated by using multiple-objective programming in order to obtain a parsimonious model with an appropriate number of change points, as follows:
Max λ; subject to
for s = 1, 2, . . . , n − 1 and j = 1, 2, . . . , n. Constraints in Eqs. (13) to (14) represent the inclusion relationshipỸ ⊆Ŷ . Constraints in Eqs. (16) to (20) are checked to see whether or not they satisfy the definition of a change point in their model. If |b sc | > δ ( i.e., a change point occurs in the sth position) then u s + v s = I s = 1; otherwise, u s + v s = I s = 0. For the sake of simplicity, h is set to zero, which means the value of the dependent variable is crisp instead of an interval. Let the parameters M = 1000, = 0.000000001, and ϕ = 0.0000000001 for solving this program using LINGO optimization software. Based on piecewise characteristics, the methodology is insensitive to larger variations in the data. A compromise solution, with the minimalfuzziness width and the proper number of change points, can be found automatically. The detected change points, or their neighbourhood, can be viewed, under some circumstances, as outliers or technological changes in the market.
In this model, the two objectives of achieving the minimalfuzziness width and the minimal number of change points have the same priority. However, from the forecasting perspective, the first objective of minimizing the forecasted width is more important than the second objective of minimizing the number of change points. Besides, the fuzzy piecewise regression is feasible only in inner-range forecasts, not in out-of-range forecasts. Therefore, this study incorporates the Delphi method and considers all generations at the same time. The resulting two-stage method extends the fuzzy piecewise logistic growth model designed for forecasting in the future.
The Forecast Model Efficiency Measure
Yokum and Armstrong conducted an expert opinions survey to determine the evaluation criteria for selecting forecasting techniques. 18 Without a doubt, accuracy was the most important criterion. The next most important criteria were the cost savings generated from improved decisions. In this study, three criteria for forecasting accuracy were used to make comparisons of the forecasting capabilities of the different models.
The first measurement is the Mean Square Error (MSE):
whereπ t is the forecasted value at time t, π t is the actual value at time t, and n is the number of forecasts. The second criterion is the Mean Absolute Error (MAE):
The third criterion is the Mean Absolute Percent Error (MAPE):
METHODOLOGY
The scenario analysis and the Delphi method were integrated with the proposed two-stage fuzzy piecewise logistic model for multiple-generation products to analyse the development of OLED TV technology, which is a new technology that has almost no historical data. The study also forecasted the comparative market share of CRTs, RPs, PDPs, LCDs, and OLED TVs. The research process included seven steps, which are shown in Fig. 1 . These are summarized below:
Step 1: Identify the decision focus, including the time period and the research scope.
Step 2: Identify the key decision factors (KDFs) influencing the decision outcomes, such as market demand, production capacity, and government policy.
Step 3: Analyse the future status of the key driving forces of the technology's penetration into the market. This step includes distributing a questionnaire to experts for their opinions. The questionnaire is used to evaluate the degree of uncertainty regarding each driving force and its impact on the KDFs. The degree of uncertainty is the degree of explicitness in the direction and breadth of change when environmental influences impact the driving force, and it is used to construct the impact and uncertainty matrix of the drivers.
Step 4: Select several axes of uncertainty, based on key external forces with high/medium uncertainty and high levels of impact on the future status of KDFs. Analyse the extremes of the axes to provide structure to the scenarios and to construct a framework within which to develop the main focus of the scenarios. Driving forces with high impact and low uncertainty are typically treated as the main drivers for scenario analysis. Axes of uncertainty are coherent, plausible views of different ways in which the world might work.
Step 5: Use the Delphi method to select the most optimistic, pessimistic, and likely scenarios developed on the basis of expert opinion and forecast the market share of different technologies for each scenario. Then, prepare a statistical summary of the forecasts for each event consisting of the median, upper, and lower quantile of each scenario, and use this summary to draw up a new questionnaire for the second round of surveys. Distribute this questionnaire to the same group of experts, soliciting forecasts for each event again. These forecasts may or may not be the same as the previous forecasts.
Step 6: Forecast the market shares for each scenario using the two-stage fuzzy piecewise logistic model for the sales forecast of multiple-generation products. This step has two stages that are described below.
Stage 1:
Suppose that there are k generation products in the market. The fuzzy piecewise logistic growth model is revised for all generations because the market share of each generation could be affected by other generations. 11 By using historical data, the following formula can forecast the market share of all generations at the same time:
for i = 1, . . . , k, s = 1, 2, . . . , n−1 and j = 1, 2, . . . , n, where w 1 and w 2 are specified in advance, and w 1 is larger than w 2 to indicate that the first objective to find the minimum predicted interval has a higher priority weight than the second. In this case, w 1 and w 2 are specified as 0.6 and 0.4, respectively. After performing this model, the researcher obtained the values of a Because the data consists of historical data and the data forecasted by the Delphi process, the revised fuzzy piecewise logistic growth model for multiple generations is a two-stage method. The purpose of incorporating two stages is to ensure that the change points, although not the forecasted width, are the same in the historical period. In the first stage, the dataset consists of historical data, and the centre and width coefficients are calculated as well as the change points. These change points can be regarded as given information for the second stage.
In the second stage, all the data includes historical data and the data forecasted by the Delphi process; the values of a Step 7: Analyse each scenario and provide strategies and recommendations with respect to the focus or decision defined in Step 1. This step concludes the analysis.
EMPIRICAL CASE: THE OLED TV MARKET
In order to demonstrate the satisfactory performance of the integrated model, the researcher applied it to the work done by Tseng et al. to forecast the futures of CRT, RP, PDP, LCD, and OLED TVs over the next ten years. 5 Scenario analysis and the Delphi method were used to generate three scenarios and integrate the experts' forecasts of the market share of multiplegenerational technologies in the years 2008, 2013, and 2018, which is one kind of interpolation method. Therefore, Step 1 through Step 5 used the results of Tseng et al.'s work. 5 Three scenarios were analysed. The scenario most optimistic about the development of the OLED TV market featured "high consumer demand and preference," "fast TV technology development," and "consistent government policies and manufacturer strategies;" this scenario was named "stable growth." The scenario most pessimistic featured "low consumer demand and preference," "slow TV technology development," and "inconsistent government policies and manufacturer strategies;" this scenario was named "low penetration." Finally, the most likely scenario featured "high consumer demand and preference," "slow TV technology development," and "consistent government policies and manufacturer strategies;" this scenario was named "niche."
In Step 6, the researcher forecasted the market shares for each scenario using the fuzzy piecewise logistic growth model for the sales forecasting of multiple-generation products. The most likely scenario was selected as the first one, the most optimistic scenario as the second, and the most pessimistic scenario as the third. The data included historical global-sales volumes from 1998 to 2007, and the forecasted market shares, which were investigated by the Delphi method, were for 2008, 2013, and 2018 for each of these scenarios, respectively. The revised fuzzy piecewise logistic growth model for multiplegeneration products was used to forecast the worldwide market share of each TV technology.
In the first stage of the sixth step, the historical data from 1998 to 2007 was used to estimate a 
The Most Likely Scenario: Niche
As indicated above, the implementation of the revised fuzzy piecewise logistic growth model involved two stages. In the first stage, the dataset was the historical data from 1992 to 2007, and multiple objective programming with constraint equations from (24) to (33) was used to estimate the centre coefficients, a 
The results show that in 2018, the CRT TV will account for 6.22% of the market, the RP TV will account for less than 1% of the market, and the PDP TV will have grown slowly and will account for 9.79% of the market. The LCD TV will grow quickly and account for 77.82% in 2018, whereas, in the same year, the OLED TV will account for 10.28% of the market. Thus, LCDs will remain the mainstream technology in the TV industry over the next ten years.
In order to demonstrate the performance of the proposed model, the researcher used the central value (the crisp value) to calculate the estimated errors, MAE, MSE, and MAPE, and compared the results to the work of Tseng et al. 5 These results are shown in Table 1 . According to Table 1 , the MAEs of the CRTs, RPs, PDPs, LCDs, and OLEDs for the proposed model were 0.0067, 0.0017, 0.0014, 0.0076, and 0, respectively. However, the MAEs for the technology substitution model were clearly higher at 0.0187, 0.0035, 0.0164, 0.0184, and 0.0363. In addition, the proposed model also had the lower MSE and MAPE for each TV in comparison to the technology substitution model. Thus, the superior performance of the proposed model was demonstrated.
The Most Optimistic Scenario: Stable Growth
In this scenario, the first stage of the revised fuzzy piecewise logistic growth model was the same as the first stage in the most likely scenario. In the second stage, the values of a Table 2 . According to Table 2 , the proposed model outperforms the technology substitution model for each TV.
The Most Pessimistic Scenario: Low Penetration
The first stage of the revised fuzzy piecewise logistic growth model in this scenario was the same as that in the previous two scenarios. The values of a Table 3 . According to this table, the proposed model outperformed the technology substitution model for each TV.
The proposed model outperformed the technology substitution model proposed by Tseng et al. in all three scenarios, following the six steps outlined in their work. 5 The purpose of the seventh step of the research process, included in the work of Tseng et al., was to analyse each scenario and provide strategies and recommendations. 5 The researcher did not include this step in the empirical demonstration. 
CONCLUSIONS
Vibration problems are constant occurances. [19] [20] [21] A technology substitution model based on a logistic curve cannot always fit the S-curve well. Therefore, we proposed a two-stage fuzzy piecewise logistic growth model. The piecewise concept is adopted in order to understand the market impact of a new product so that it will be possible to determine the effective length of sales forecasting intervals even when handling largevariation data.
Besides, when a new high technology goes to the market, understanding the diffusion trend is the key factor for decision making. However, most of the time, there is no historical data, or the data is limited. Therefore, this research used Tseng et al.'s concept, which combined the advantages of qualitative and quantitative forecasting methods, using scenario analysis and the Delphi method to portray the future scenarios of the OLED TV, a new technology with almost no historical data, and then used the proposed mode to forecast the market shares for this new technology over a multi-generation period and in three different scenarios. 5 It was shown that the proposed model obtained the smallest interval forecast for all the selected data, indicating that it can provide an effective possible forecasting interval and obtain the best and worst possible market shares. In addition, in order to demonstrate the performance of the two-stage fuzzy piecewise logistic model, the researcher used MAE, MSE, and MAPE to compare the central value of the proposed model and the technology substitution model. The results show that the proposed model outperformed the technology substitution model for every TV tech- nology in each of the three scenarios.
